Previous research has shown that head direction (HD) cells in both the anterior dorsal thalamus (ADN) and the postsubiculum (PoS) in rats discharge in relation to familiar, visual landmarks in the environment. This study assessed whether PoS and ADN HD cells would be similarly responsive to nonvisual or unfamiliar environmental cues. After visual input was eliminated by blindfolding the rats, HD cells maintained direction-specific discharge, but their preferred firing directions became less stable. In addition, rotations of the behavioral apparatus indicated that some nonvisual cues (presumably tactile, olfactory, or both) exerted above chance stimulus control over a cell's preferred firing direction. However, a prominent auditory cue was not effective in exerting stimulus control over a cell's preferred direction. HD cell activity also was assessed after rotation of a novel visual cue exposed to the rat for 1, 3, or 8 min. An 8-min exposure was enough time for a novel visual cue to gain control over a cell's preferred direction, whereas an exposure of 1 or 3 min led to control in only about half the sessions. These latter results indicate that HD cells rely on a rapid learning mechanism to develop associations with landmark cues.
HD cell activity. There have not been many experiments addressing the role of nonvisual landmark cues. However, because in many contexts rats do not rely primarily on vision for learning about their environment, it is likely that nonvisual information plays an important role in HD cell activity. Furthermore, determining what types of cues influence HD cell firing is critical for understanding how the HD signal is generated and processed in the brain. For example, if HD cells are sensitive to both nonvisual and visual cues, there must be mechanisms that integrate the information from different modalities. The second issue we addressed was how much time environmental cues need to establish stimulus control over HD cell activity. In most studies in which HD cell activity is monitored, the animal is given extensive exposure to the environment before the first HD cell is recorded. Is this extensive experience necessary for landmarks to gain stimulus control over a cell's preferred direction? Can a landmark exert stimulus control even after a brief exposure of less than 10 min?
Nonvisual Cues
One way to explore the role of nonvisual cues is to monitor HD cell activity after the removal of visual input. Mizumori and Williams (1993) found that HD cells in the LDN require visual input to maintain a stable HD. They reported that when a rat was brought into a darkened recording room and placed on a radial arm maze, HD cells did not display direction-specific discharge. If the room lights were turned on for at least 1 min before the beginning of the recording session, however, HD cells displayed stable directional discharge for 2-3 min, and then the cell's preferred direction started to drift to new orientations. One purpose of our study was to examine whether PoS and ADN HD cells would respond similarly under dark conditions.
The effect of eliminating visual input on HD cell dis-charge also has been examined by removing the prominent visual cue from the environment. Under these conditions, neither PoS nor ADN HD cells exhibited substantial drift in their preferred orientation or loss of direction-specific discharge (Goodridge & Taube, 1995; Taube et al., 1990b) . However, it is still possible that PoS and ADN HD cells failed to show effects similar to LDN neurons because all visual input had not been removed. Thus, we examined PoS and ADN HD cell activity after complete removal of visual input by monitoring HD cells in blindfolded rats. A number of researchers also examined the response of place cells (which fire preferentially whenever an animal is located in a particular region of the environment; O' Keefe & Dostrovsky, 1971) to the elimination of visual input. Like HD cells, visual cues in the environment exert stimulus control over the position of the cell's place field (i.e., the region of the environment in which the cells fire preferentially; Muller & Kubie, 1987; O'Keefe & Conway, 1978) . However, although removal of visual input alters some place cell firing properties, it does not abolish place cell firing. Hill and Best (1981) reported continued place cell firing after the animal had been deafened and blindfolded, and Quirk, Muller, and Kubie (1990) and Markus, Barnes, McNaughton, Gladden, and Skaggs (1994) reported continued place cell firing after the room lights had been turned off. O' Keefe and Conway (1978) reported that hippocampal neurons usually became less place specific when all cues were removed from the environment but maintained their place specificity when only some cues were removed. Consistent with this result, Markus et al. found that the proportion of hippocampal neurons classified as place cells was greater when recorded in the light than in the dark. These results suggest that, although visual cues are not necessary for place cell discharge, their presence can increase the predictive accuracy of the place cell population code.
It is unclear whether place and HD cell discharge after the removal of visual input is maintained by nonvisual external cues or by idiothetic cues (e.g., vestibular, proprioceptive, motor efference copy). Idiothetic cues can be used by the animal to detect changes in its ongoing location and orientation in space. An integration of these cues over time could allow the animal to update its current position in space, even when no familiar landmarks are available, a process referred to as path integration (see Gallistel, 1990 , for a review). A number of studies have shown that HD and place cells are sensitive to idiothetic information (Blair & Sharp, 1996; Sharp, Blair, Etkin, & Tzanetos, 1995; Taube & Burton, 1995; Wiener, Korshunov, Garcia, & Berthoz, 1995) . Most investigators have emphasized the role of idiothetic rather than nonvisual external cues in sustaining HD and place cell discharge in the absence of visual input. However, because idiothetic cues can be used only to detect changes in location and direction, any error in the assessed location and orientation accumulates over time. This error can be corrected only by the use of fixed cues in the environment. HD cells often shift their preferred direction rapidly to reflect the spatial information provided by a recently encountered external cue (Goodridge & Taube, 1995; Taube & Burton, 1995) , even when motion cues do not indicate that a rapid shift in preferred direction is required. This finding suggests that external sources of information can override spatial information developed through the use of idiothetic cues. Thus, it is important to determine whether nonvisual landmark cues are available that can support HD cell activity in the dark. In our study, we monitored HD cell activity after blindfolding the rat and in response to the rotation of olfactory or auditory cues.
Establishment of Cue Control
Some researchers have suggested that for an external cue (whether visual or nonvisual) to serve as a landmark reference, the cue must convey spatial information that is consistent with the information derived from idiothetic cues (Gallistel, 1990; Knierim, Kudrimoti, & McNaughton, 1995; McNaughton et al., 1995) . McNaughton et al. postulated that certain cues develop landmark saliency only after they have been integrated with idiothetic cues the animal experiences as it moves about its environment. According to this theory, landmark cues that provide spatial information that is consistent with information derived from idiothetic cues will exert a higher degree of stimulus control over place and HD cell firing than landmark cues that are frequently inconsistent with information from idiothetic sources. One implication of this theory is that stable landmarks (i.e., ones whose position in the world remains constant over time) will exert more stimulus control than landmarks whose position changes randomly because the spatial information provided by unstable cues frequently conflicts with the information derived from idiothetic cues. Support for this hypothesis was provided by Knierim et al. (1995) , who found that a white cue card exerted weaker control over place cell and HD cell firing in animals that were gently spun in a box before every recording session (to prevent the use of idiothetic information) than in animals that were not spun in the box. They concluded that the ability of a visual landmark cue to exert stimulus control over the HD cells' preferred direction probably resulted from the extensive prior exposure to the white card as a stable landmark during the training period. However, because the HD and place cells were recorded only after many disorientation sessions, it is not possible to determine whether landmarks never exerted stimulus control over HD and place cell firing or whether they initially had stimulus control that was then lost as the result of the repeated disorientation procedure. This issue raises the question of whether landmark cues require a lengthy period of stable exposure to establish stimulus control or whether they can exert control after only a few minutes.
Some evidence suggests that cues can establish stimulus control over HD cell activity in a period of minutes and that extensive exposure to a stable cue card is not necessary for stimulus control (Dudchenko, Goodridge, & Taube, 1997; Taube & Burton, 1995) . Taube and Burton monitored the response of HD cells as an animal returned to a novel environment that it had experienced only for 8-16 min. They found that the preferred directions of HD cells usually shifted to reflect the orientation that had been established during the animal's initial exposure to this environment. The fact that such a small amount of time is required for cues to influence an HD cell's preferred direction may suggest that a stimulus does not need to form an association with idiothetic cues before it can exert stimulus control over HD cell firing. It also is possible that the association between an external stimulus and idiothetic cues is acquired within the initial minutes of a cue's exposure.
In this study, we monitored HD cell activity relative to a visual cue that was exposed to the rat for 1, 3, or 8 minutes. We then assessed whether a rotation in the position of this briefly exposed cue could lead to a similar shift in the cell's preferred direction. Some of these results have been previously reported in preliminary form (Goodridge & Taube, 1995) .
Method

Subjects
Twenty-one female Long-Evans rats were used in this study. Each rat was placed on a food-restricted diet (-15 g/day) at <M> months of age. Rats were housed in pairs until the time of surgery, after which they were housed individually. From birth on, rats were maintained on a 14:10-hr light-dark cycle.
Apparatus and Training Procedures
Before surgery and after being placed on a food-restricted diet, all rats were given 1-2 weeks of training retrieving food pellets thrown randomly into in a gray cylindrical apparatus (76 cm in diameter, 51 cm high). Surrounding the gray cylinder was a floor-to-ceiling black curtain draped from a circular copper rod that was suspended from the ceiling. The floor of the cylinder was gray paper and was replaced when it became soiled from rat boli or urine marks. During the training period, a pair of rats was simultaneously given 15 min per day in which to explore the cylinder and retrieve 20-mg food pellets (Noyes, Lancaster, NH). Two or three pellets were thrown pseudorandomly into the cylinder approximately every 10-15 s by an experimenter standing outside the curtainedoff area. The purpose of this task was to encourage the rat to visit all parts of the cylinder and thereby sample different head orientations at different locations. Training was considered complete when the rats spent 80%-90% of their time searching for food.
For 8 rats, a white cue card was taped to the inside wall of the cylinder and served as a prominent visual cue throughout training (Cue Card Training). The card occupied approximately 100° of arc and extended from the bottom to the top of the cylinder. The card was in the same position throughout the training period.
For 5 rats, training took place in the uniform gray cylinder without any cue card inserted by the experimenter (No-Cue Training). This group was used to determine whether a novel cue card that was only briefly exposed to the rat could exert stimulus control over an HD cell's preferred direction.
For the remaining 8 rats, training took place in a gray cylinder similar to the one used for No-Cue Training, except that an auditory sound, emanating from one side of the cylinder, served as the prominent cue (Auditory Training). There was no cue card in the cylinder. The purpose of this training was to examine whether an auditory cue could exert stimulus control over an HD cell's preferred direction. This group of rats also was later used to examine the stimulus control of a novel cue card. Space was made for speakers that provided the auditory cue by removing a 6.35-cm-wide section from around the cylinder wall, and the top section of the cylinder was then braced by wood supports on the outside of the apparatus. The center of the circular band was positioned 33.7 cm from the floor. Black opaque cloth covered this opening around the cylinder, and four small speakers were attached at points 90° apart behind the cloth. For 5 of these 8 rats, the prominent auditory cue was a 1-Hz audible click emanating from one of the four speakers. The same speaker was used for all training and screening sessions. The clicks were square waves, produced by a function generator passed through a sound amplifier, and thus contained a mixture of sound frequencies. For the other 3 rats, the prominent cue was a continuous white noise burst emanating from one of the four speakers. Both the click and the white noise burst were clearly audible to the experimenter at a distance of several meters from the cylinder.
Surgical Procedures
A 10-wire microelectrode array (for details on electrode construction, see Kubie, 1984) was implanted 0.5-1 mm above either the right PoS (n = 4) or ADN (n = 16). The anterior-posterior (AP) and medial-lateral (ML) positions of the microelectrode array were determined with respect to Bregma, whereas the dorsoventral (DV) position was determined with the respect to the cortical surface. The ADN coordinates (in mm) were as follows: 1.5 P, 1.3 L right, and 3.7 V. The PoS coordinates (in mm) were as follows: 6.7 P, 2.8 L right, and 1.6V.
Screening Procedures
After 5-7 days of recovery from surgery, each of the electrodes was monitored for cellular activity. All "screening" for cells took place in the same cylinder where the rat had initially been trained to retrieve food pellets. All rats were screened with the identical procedures used during training. In particular, Cue Card-trained rats were screened in the cylinder with the white card, Auditory Cue-trained rats were screened with the auditory click or white noise burst without a cue card, and No-Cue-trained rats were screened in the cylinder without a cue card or auditory cue. The signal from each of the 10 microelectrodes was monitored individually while the rat's behavior was observed on a video monitor with a video camera suspended approximately 3 m above the cylinder. When the activity on all the electrodes had been assessed and if none of the 10 electrodes contained any HD cell activity, the electrode array was advanced 30-120 um ventrally into the brain. After waiting at least 4 hr, but usually 24 hr, the 10 electrodes were monitored again for activity. Each screening session took 15-45 min to complete.
Recording Procedures
When an HD cell was identified, the room was prepared for a recording session in which the cell's activity and the rat's ongoing location and HD were monitored after various environmental manipulations. The cell's activity was isolated from background noise using a series of window discriminators (Bak Electronics), and the rat's ongoing directional heading was monitored using a two-spot video tracking system (see Taube et al., 1990a, for details) . A red LED was positioned over the rat's snout, and a green LED was positioned 10-15 cm away over its back. The location of each LED and the firing rate of the cell were sampled at 60 Hz and stored onto a computer. For each recording session, the cell's firing rate relative to the rat's HD was computed and analyzed off-line.
Depending on the type of training the rat received, the HD cell's response was measured relative to one of four cue manipulations (Blindfold, Olfactory, Auditory, and Novel Cue Card series). The details of the different cue manipulation series are described below. Some rats were exposed to more than one type of cue manipulation series. Table 1 shows the number of rats in each training group exposed to each manipulation type.
Unless stated otherwise, each recording session was 8 min for all manipulations. In between each recording session, the rat was removed from the cylinder and placed into a covered cardboard box, where it waited for approximately 1 min. During this period, the experimenter adjusted the position of cues in the cylindrical apparatus. Except for the Blindfold series, the rat was gently spun in the box and walked around the periphery of the cylinder for approximately 1 min before being returned to the apparatus. This disorientation procedure has been used in previous research (Taube, 1995; Taube et al., 1990b) and was intended to prevent the HD cells from using idiothetic cues to maintain their preferred orientation from one session to the next.
Blindfold series. The rats used in the blindfold series consisted of all of the Cue Card-trained rats and some of the Auditory Cue-trained rats that had already been exposed to the cue card. In the blindfold series, the cell's response was initially monitored in the cylinder with the cue card present. The rat was then blindfolded and a series of at least three sessions was performed to examine the influence of environmental landmarks on the cell's discharge in the absence of visual input. In the first recording session (Standard session), the cylinder and cue card were arranged exactly as they had been during previous screening or recording sessions that contained the cue card. After completion of this session, the rat was detached from the cable and removed from the apparatus. The rat was then wrapped in a cloth and a blindfold was placed over both eyes. The blindfolds consisted of four layers of Band-Aid adhesive strips. Before adding the first adhesive layer, a layer of prosthetic adhesive was deposited around each of the rat's eyes, carefully avoiding any direct contact with the eyeball. Another layer of adhesive was added after the first pair of patches were secured. Three more layers of adhesive strips were then attached one at a time, such that the entire fixture appeared (to the experimenter) to occlude all incoming light. Before the rat was reattached to the cable for the second recording session, the room lights were turned off, the cue card was removed from the cylinder, and the floor paper was changed. These steps helped to ensure that no visual input was available to the cells and that nonvisual cues from the cue card and floor paper did not carry over from the Standard session. The cell's activity was then recorded for 8 or 16 min (Blindfold session). At the completion of this session, the rat was again removed from the cylinder, and, while still attached to the cable, it was placed into a cardboard box. The cell's activity was examined on the computer, and, if the cell's preferred direction was stable throughout the Blindfold session, a third 8-min session was recorded with the cylinder and floor paper rotated together by 90° in either a clockwise or-counterclockwise direction (Cylinder + Floor Rotation). This session was performed to determine the extent to which an HD cell could use nonvisual cues from the cylinder wall and the floor paper for orientation. The rat was removed from the cylinder but was not spun in the box before the Cylinder + Floor Rotation session. As a result, the cylinder and floor cues would have to override idiothetic cues, as well as uncontrolled cues in the external environment, to lead to a corresponding shift in the cell's preferred direction. At the completion of this session, a fourth session was conducted in which the floor paper and cylinder were returned to their initial positions (Cylinder + Floor Return).
For some of the Blindfold sequences, after the Cylinder + Floor Rotation and Return sessions, additional sessions were conducted that either rotated the cylinder without the floor (Cylinder Alone) or rotated the floor without the cylinder (Floor Alone). These sessions served to evaluate the relative contribution made by the cylinder wall and floor paper during the Cylinder + Floor Rotation sessions. The procedures used in these rotations were identical to those used in the Cylinder + Floor Rotation series.
Olfactory Rotation series. This series of manipulations was intended to examine whether olfactory cues could influence the preferred direction of HD cells. Before this series began, the cue card was removed from the cylinder and replaced with an olfactory cue. The cotton end of a cotton-tipped applicator (Q-Tips) was dipped into peppermint extract and taped to the inside cylinder wall approximately 0.5 m from the bottom of the cylinder out of reach of the rat. To prevent this cotton-tipped applicator from serving as a visual cue, three other cotton-tipped applicators also were taped to the cylindrical wall so that the four cotton-tipped applicators were 90° apart from one another. The rat was then placed into a cylinder for 8 min (Olfactory Standard session). At the completion of this session, the rat was removed from the cylinder and placed into the cardboard box. The odorous cotton-tipped applicator was then redipped in peppermint extract and switched in position with one of the adjacent dry cotton-tipped applicators. After being spun in the cardboard box, the rat was returned to the cylinder for an Olfactory Rotation session. Once the rotation session had finished, the rat was removed from the cylinder and again placed into the cardboard box. The cotton-tipped applicators were then returned to their configuration for the Olfactory standard session. The rat was spun in the cardboard box again and returned to the cylinder for a final session (Olfactory Return). Throughout all the sessions, the peppermint extract was kept outside the recording room so that the odorous cotton-tipped applicator remained maximally distinguishable from the other cotton-tipped applicators.
Auditory series. In this series, we examined the extent to which a prominent auditory cue could exert stimulus control over an HD cell's preferred firing direction. All sessions in this series were conducted in the dark to maximize the likelihood that the HD cell would use the click or the white noise as its primary orientation cue. The auditory click was used for rats trained with the auditory click, and the noise burst was used for rats trained with the noise burst. The auditory series began with an 8-min session in which the auditory cue emanated from the same location in the cylinder that it had come from during the training and screening period (Auditory Standard). After completion of this session, the rat was removed from the chamber, the floor paper was changed, and the auditory cue was rotated to a speaker positioned 90° counterclockwise from the original speaker. After being spun in the cardboard box, the rat was returned to the cylinder for another 8-min session (Auditory Rotation). At the completion of the Auditory Rotation session, the rat was removed from the chamber and again placed into the cardboard box. The floor paper was then changed and the auditory cue was returned to its standard position. After the rat was spun in the box, it was returned to the cylinder for a third 8-min session (Auditory Return). Novel Cue Card series. This series was designed to examine the amount of time required for a novel cue card to exert stimulus control over an HD cell's preferred direction. Novel cue card manipulations were conducted only with the Auditory and No-Cuetrained rats because these groups had received no exposure to the white cue card during training or screening. Each rat was tested once for its response to the rotation of a novel cue card. The Novel Cue Card series performed on rats receiving Auditory Cue training usually followed immediately after the Auditory Rotation series so that we could compare the responses of the same cell to the two different cue sequences. For these sequences, the auditory cue was turned off, and a white card identical to the one used in Cue Card training was taped to the inside cylinder wall in the position from where the sound had emanated. The room was illuminated for all sessions in the Novel Cue Card series. At the start of the Novel Cue Card series, the rat was brought into the recording area in a cardboard box and placed into the cylinder. This initial exposure to the cue (Novel Standard session) lasted 1, 3, or 8 min. At the completion of this session, the rat was removed from the cylinder and returned to the cardboard box. The floor paper was changed and the cue card rotated 90° counterclockwise. After being spun in the box, the rat was returned to the cylinder for another 1-, 3-, or 8-min session (Novel Rotation). At the completion of this session, the rat was removed from the cylinder and returned to the cardboard box. The floor paper was changed again and the cue card returned to its standard position. Then, after another disorientation procedure, the rat was returned to the cylinder for a final 1-, 3-, or 8-min session (Novel Return). In seven out of eight cases, the 1-min Novel Standard session was followed by 8-min Novel Rotation and Novel Return sessions rather than by 1-min Novel Rotation and Novel Return sessions.
Data Analysis
For each session we computed the cell's peak firing rate, directional firing range, tuning curve symmetry and background firing rate (for details, see Taube et al., 1990a) . To examine the shift in a cell's preferred direction between two sessions, the tuning curve for the first session was shifted in 6° increments until it was maximally correlated with the tuning curve for the second session. The extent the cell had shifted its preferred direction between two sessions was men defined as the amount that the tuning curve in one session had to be shifted to obtain the maximal correlation with the tuning curve in the second session. We used t tests to test whether a cell's preferred direction shifted by different amounts across different conditions. Statistical comparisons with data from previous studies used results pooled from both PoS and ADN (Taube, 1995; Taube et al., 1990b) .
To determine the mean shift in preferred direction between the Standard and Blindfold sessions, we performed analyses using the total number of manipulations conducted rather than the number of cells recorded or the number of rats. Thus, each manipulation was treated equally, regardless of whether it was the first or last time the manipulation was performed on that particular rat. In addition, if two cells were recorded simultaneously and their waveforms were equally well isolated, we computed the change in the preferred direction between two sessions as the average shift of the two cells. However, if one of the two cells' waveforms was considerably better isolated, its responses were chosen to represent the activity of both cells. This procedure was justified on the basis of previous results (and confirmed in the current study) suggesting that the variability in the response of an HD cell's preferred direction can be attributed to the details of the particular manipulations and not to intrinsic properties of the cell. In particular, the preferred directions of HD cells recorded simultaneously shifted in register (Goodridge & Taube, 1995; Taube et al., 1990b) .
At the end of (he experiments, each rat was perfused with 10% formalin and the brain removed for histological analysis. Frozen brain sections were sliced and stained with cresyl violet (for details on histological procedures, see Taube et al., 1990a) . Analyses revealed that all electrodes had passed through the ADN or PoS.
Results
Blindfold Series
We conducted a total of 15 Blindfold series, 12 on ADN HD cells and 3 on PoS HD cells. Most of these manipulations involved the recording of one HD cell, but in some situations two HD cells were recorded simultaneously. Because the results from the two brain regions appeared similar, we combined them and report them together.
HD Cell Stability
Blindfolding the rats did not abolish direction-specific firing for any PoS or ADN HD cell; all cells continued to show direction-specific discharge throughout the blindfolded sessions. However, for many cells observation of the cell's preferred direction showed that it shifted somewhat across the session. To quantify the degree of stability in the preferred direction in the Standard and Blindfold sessions, we compared the cell's preferred direction in the first 2 min with its preferred direction in the last 2 min of an 8-min session. The difference between the cell's preferred direction at the beginning and end of a session was significantly greater in Blindfold sessions than in Standard sessions (mean difference in the Standard session = 5.6 ± 1.5°, range: 0-24°; the mean difference in the Blindfold session = 23.2 ± 5.9°, range: 0-90"), paired ((15) = 3.20, p < .05. Figure 1 shows representative graphs of an HD cell's firing in the first 2 and last 2 min for Standard and Blindfold sessions.
To determine whether the drifts within the Blindfold session were continuous across the entire 8-min session, we compared the changes in preferred direction from the first 2 min to the middle 4 min of the session and from the middle 4 min to the last 2 min of the session. We then computed the absolute difference in drift between these two session portions. The mean difference between drift in the first part of the session and drift in the second part of the session was 11.2 ± 3.3°. This value is greater than 0°, the value that would be expected if there were equal drift in the two session portions. However, the value was less than the drift In the Standard session the cell's preferred direction was similar in the first and last 2-min epochs, whereas in the Blindfold session the cell's preferred direction drifted 18° between the first and last 2-min epochs. Although there was a large decrease in the cell's peak firing rate between the Standard and Blindfold sessions, this effect was usually not observed in other cells and sessions. Note that a decrease in the cell's peak firing rate also was present between the first and last 2-min epochs of the Standard session.
that occurred across the entire Blindfold session (23.2°). In 10 of 15 Blindfold sessions, the difference in drift between the first and second portion of the session was less than 6°. These results suggest that, in most instances, the cells' preferred directions drifted continuously throughout the Blindfold session rather than in one large amount. In nine cases, an 8-min blindfold session was conducted after the initial blindfold session but before any cue manipulations were performed. The absolute difference between the first and last 2 min of these subsequent sessions (26.0 ± 2.8°) was similar to that found in the initial Blindfold session (23.2°). This result suggests that a cell's preferred direction did not shift into a particular orientation and then stabilize but continued to drift over time. In five of nine cases, drift was in the same direction (i.e., clockwise or counterclockwise) that the preferred directions had drifted in the initial session, whereas in four of nine cases, the cells' preferred directions changed direction or started to drift after having been stable.
Despite the presence of drift during the Blindfold sessions, neither the cell's peak firing rate nor its directional firing range was significantly different between the Standard and Blindfold sessions: peak firing rate, paired r(14) = 1.71, p > .05; directional firing range, paired f(14) = 1.46, p > .05. Because of drift in the Blindfold session, one would expect that the cell's peak firing rate would be lower and the directional firing range would be greater in the Blindfold sessions than in the Standard sessions. Although the values of these two parameters did change in the expected direction during the Blindfold session (the peak firing rate decreased 9.27 spikes/s and the directional firing range increased 16.3°), the changes were not large enough to achieve statistical significance. Two other parameters, background firing rate and asymmetry, were both stable between the Blindfold and Standard sessions.
Influence ofNonvisual Cues
To analyze the initial impact of blindfolding, we compared the preferred direction of each cell in the Standard session with its preferred direction in the Blindfold session. The mean absolute shift hi the preferred direction between the Standard and Blindfold sessions was 65.6 ± 11.9°. Figure 2 shows the distribution of these angular changes, which include an approximately equal number of clockwise and counterclockwise shifts. A V test was used to examine whether this distribution was different from a uniform distribution (Batschelet, 1981) . The V test is similar to a Rayleigh test except that it requires that an alternative hypothesis be specified. In this case, the alternative hypothesis was that the cell's preferred direction in the Blindfold session would occur near the cell's orientation in the Standard session. The Vtest was significant, t/(15) = 1.86, p < .05, and indicated that the shifts in preferred directions were not randomly distributed. Because the rats did not receive disorientation treatment in between these sessions, this finding suggests that either idiothetic cues were used to update the cell's orientation or that other nonvisual cues in the environment were influencing the cell's preferred directions.
Because the rat was blindfolded, the Cylinder + Floor Rotation sessions allowed us to test the extent to which nonvisual input could control HD cell activity. A corresponding shift in the cell's preferred firing direction after Cylinder + Floor rotations would indicate that the cells are sensitive to tactile or olfactory cues. A histogram showing the range of shifts in the preferred direction between the Standard and Cylinder + Floor Rotation sessions, and between the Cylinder + Floor Rotation and Cylinder + Floor Return sessions, is displayed in Figure 3 . The mean absolute deviation between the HD cells' shift in the Cylinder + Floor rotation sessions and the 90° expected shift was 46.8 ± 12.1". This value is significantly greater than the mean absolute deviation reported for cue card rotations in nonblindfolded rats (16.1 ± 1.9"; Taube, 1995; Taube et al., 1990b) , unpooled ;(15) = 2.52, p < .05. Thus, these Cylinder + Floor rotations produced less reliable shifts in the cells' preferred directions than cue card rotations in nonblindfolded rats. However, a Rayleigh score, r(15) -.59,p < .05, indicated that this distribution was not random. The distribution depicted in Figure 3 indicates that this above-chance score resulted from the fact that the cell's preferred direction tended to follow the position of the floor paper and cylinder, even if the cells did not follow them as well as they follow the cue card.
For 10 Blindfold series a Floor-Alone Rotation session was conducted after the Cylinder + Floor Rotation series, and for 5 Blindfold series a Cylinder-Alone Rotation session was conducted after the Floor-Alone Rotation session (if one was conducted). Figure 4 shows a distribution of the Cylinder-Alone and Floor-Alone rotations. The histogram shows that both the Floor-Alone and Cylinder-Alone rotations produced smaller shifts in the cells' preferred directions than the Cylinder + Floor Rotations. The mean absolute deviation of the Floor-Alone rotations from the expected 90° was 52.0 ± 4.7°; the mean absolute deviation of the Cylinder-Alone rotations from the expected 90° was 78.0 ± 7.6°. The Floor-Alone mean absolute deviation was not significantly different from the Cylinder + Floor mean absolute deviation, unpooled t(lff) -0.40, p > .05; however, the Cylinder-Alone absolute deviation was significantly greater than the Cylinder + Floor absolute deviation, unpooled t(5) = 2.19, p < .05. Thus, although the cell's preferred direction followed the rotations of the floor alone as accurately as it did simultaneous rotations of the cylinder and floor, it was less responsive to rotations of the cylinder alone. This finding suggests that for the Cylinder + Floor rotations, the floor exerted more influence over the cell's preferred direction than the cylinder. This result is consistent with the notion that cues on the floor (e.g., urine markings, boli, or scents laid down by the rat as it traversed the cylinder) play a more important role than cues on the cylinder wall in determining the cell's preferred direction. However, because these cues contain both olfactory and tactile stimuli, it was not possible to distinguish which sensory modalities the cells were relying on. Figure 5 shows a Blindfold series in which all three types of rotations (Cylinder + Floor, Floor Alone, and Cylinder Alone) were performed. In this example, the cell's preferred direction followed the rotation of the Cylinder + Floor but shifted less when either the cylinder or floor were rotated alone.
Olfactory Cue Rotations
Ten 90° Olfactory Rotation series were conducted on seven ADN HD cells. In general, the rotation of the olfactory cue appeared to exert a small but significant degree of stimulus control over HD cell discharge. Figure 6 shows a distribution of all the olfactory rotation series. The mean absolute deviation from the expected 90° of the Olfactory Rotation sessions was 55.2 ± 13.7°. This value differed significantly from the absolute mean deviations produced in cue card rotation sessions (16.1°; Taube, 1995; Taube et al., 1990b) , unpooled f(10) = 2.83,p < .05. However, this value did not differ significantly from the absolute mean deviations observed in blindfolded rats, unpooled f(10) = 0.46, p > .05. In addition, a Rayleigh score indicated that the distribution of responses in the Olfactory Rotation sessions was significantly different from chance, r(10) = .73, p < .05. From Figure 6A , it is apparent that the cells' preferred directions in the Olfactory Rotation sessions usually shifted in the same direction as the olfactory cue. Figure 6A also shows that the Olfactory Return sessions were not as influenced by the olfactory cue as the Olfactory Rotation sessions. The mean absolute deviation from the expected 90° of the Olfactory Rotation sessions differed significantly from the deviation of the Olfactory Return sessions (11.8 ± 22.8°), one-group f (8) 
Auditory Cue Rotations
Eleven 90° Auditory Rotation series were conducted on 10 ADN HD cells and 1 PoS HD cell. The one PoS HD cell responded similarly to the ADN HD cells and was therefore combined with the ADN HD cells in the analyses reported below. Ten of the 11 auditory rotation series were conducted with the auditory click, and 1 series was conducted with the noise burst. Because the one noise burst case resulted in a similar HD cell response, we combined the analysis for this series with the analyses for the auditory click rotations.
In general, rotation of the auditory cue did not lead to a corresponding shift in the cells' preferred directions. The mean absolute deviation from the expected 90° shift in the Figure 5 . Response of an anterior thalamic head direction cell in a blindfolded animal to a Cylinder + Floor (A), Floor-Alone (B), and Cylinder-Alone (C) rotations. This cell's preferred direction shifted 84° counterclockwise (CCW) when the cylinder and floor were rotated 90° counterclockwise, shifted 30° when the floor paper alone was rotated, and shifted 54° when just the cylinder was rotated. Sessions (not shown) were conducted with the floor and cylinder returned to their original positions before the Floor-Alone and Cylinder-Alone sessions were conducted. Note that, although in this example the Cylinder-Alone rotation led to a larger shift in the preferred direction than the Floor-Alone rotation, in most series the Floor-Alone rotations resulted in larger shifts than the CylinderAlone rotations. Auditory Rotation sessions was 112.4 ± 7.5". Note that this value was greater than the deviation expected (90°) if the cells were behaving randomly. This value was also significantly different from the mean deviation produced by cue card rotations (16.1°; Taube, 1995; Taube et al., 1990b) , unpooled r(ll) = 12.52, p < .05, and by Cylinder + Roor rotations in blindfolded rats (46.8°; Taube, 1995; Taube et al., 1990b) unpooled <11) -4.63, p < .05. The mean absolute deviation between the Auditory Standard and Auditory Return sessions was 46.4 ± 17.4°. Figure 6B shows a distribution of all the click rotations. A Rayleigh test indicated that this distribution differed significantly from a chance distribution, r(20) = .53, p < .05. Given the distribution depicted in Figure 6B , this result was attributable to the greater number of shifts 90° or lower than of shifts 90° or higher. However, there did not appear to be any tendency for cells to shift in the same direction as the auditory click. In summary, these results indicate that the auditory cue did not exert stimulus control over HD cell firing. Interestingly, however, the cell's preferred direction did not maintain the same preferred orientation after auditory cue rotations. Rotation of the auditory click led to an mean absolute change in the cell's preferred firing direction of 37.8 ± 12.9°. Thus, it may be that the auditory cue exerted enough influence to cause a shift in the cell's preferred direction, even if this shift did not correspond to the position of the auditory cue.
Novel Cue Card Sessions
Five HD cells (in 5 rats) were monitored for their response to the rotation of a novel cue card exposed to the rat for 8 min. All of these Novel Cue Card series were conducted in rats that had received auditory click training. In general, 8 min of exposure to the novel cue card led to a high degree of stimulus control over the HD cell's preferred direction. However, the mean absolute change in preferred direction between the Auditory Return and Novel Standard sessions was 32.4 ± 17.9°. Four of the five shifts were less than 30°, whereas one shift was 102°. This finding suggests that merely placing the rat into the chamber with a novel cue card did not lead to a substantial shift in the cell's preferred direction.
When the novel cue card was rotated in the next session, the cell's preferred direction shifted a corresponding amount. The mean absolute deviation from the expected 90" shift of the HD cell's preferred direction for the Novel Rotation sessions was 19.2 ± 9.5". This value does not differ significantly from the deviation produced by cue card rotations in previous studies in which the cue card was a familiar landmark (16.1°; Taube, 1995; Taube et al., 1990b) , t(5) -0.34, p > .05. The cells' preferred directions also shifted with the cue card when the cue card was returned to its standard position. The absolute deviation between the Novel Standard and Novel Return sessions was 10.8 ± 3.5°. This value was not statistically different from the value obtained with a familiar cue card for PoS and ADN HD cells (5.7 ± 1.2°; Taube, 1995; Taube et al., 1990b) , unpooled f(5) = 1.38, p > .05. Figure 7A shows the distribution of the five Novel Cue Card rotations. Figure 8A shows the response of a cell recorded after an 8-min novel exposure to the cue card.
A Novel Cue Card series with a 3-min initial exposure was conducted on two HD cells. Each of these rats was trained in the cylinder with the noise burst cue. Introduction of the cue card led to a 24° clockwise shift in both cells' preferred directions. After the cue card's rotation, both cells shifted in the same direction as the cue card, one by 24° and one by 90°. In addition, both cells returned to their standard position when the cue card was rotated back, shifting 24°a nd 90° hi relation to the Card Rotation session, respectively.
The Novel Cue Card series with a 1-min initial exposure was conducted on eight HD cells. The mean absolute shift after the initial insertion of the cue card was 24.8 ± 10.8°. As expected, this value was similar to the value reported earlier for the 8-min Novel Cue Card series, unpooled r(8) = 0.37, p > .05. When the novel cue was rotated 90° in the next session, four cells shifted their preferred direction by at least 66° and three cells shifted their preferred direction by less than 18°; one cell's preferred direction shifted an in-between amount (54°; see Figure 7B ). For these Novel Rotation sessions, the mean absolute deviation from the expected 90° shift in the cell's preferred direction was 
Discussion
Intrasession Stability
Our results indicate that blindfolding reduced the stability of the preferred direction of PoS and ADN HD cells across an 8-min recording session. These data therefore confirm that visual landmarks participate in stabilizing the preferred direction of HD cells in both the PoS and the ADN. 43.5 ± 10.4°. In contrast to the value obtained after 8-min of cue card exposure, the 1-min value differed significantly from the value obtained with a familiar cue card, unpooled r(8) = 2.59, p < .05. However, when the values obtained with the 1-and 8-min novel exposures were compared, they were not statistically different from one another, unpooled t(5) -1.76, p > .05. When the cue card was returned to its initial position, the preferred direction of most cells shifted back to near their original value in the Novel Standard sessions. The mean absolute deviation between the Novel Standard and Novel Return sessions for the 1-min exposures was 23.25 ± 5.9°. Taken together, these results suggest that an 8-min exposure to a novel visual cue was effective for producing stimulus control over HD cell discharge, whereas a 1-min exposure was only partially effective for producing stimulus control. Figure 8B shows the response of one cell recorded after a 1-min novel exposure to the cue card. Figure 9 shows a graph that represents the amount of change for four different types of sessions in order of increasing stability within a session. This histogram shows that the intrasession stability of the preferred direction was Figure 8 . Head direction cell that shifted in response to the rotation of a novel cue card exposed for 8 min (A) and 1 min (B). A: In the Standard session, the cell was oriented at 0". In the Cue Card Rotation session, the cell's preferred direction shifted 90" counterclockwise in agreement with the cue card's rotation. When the cue card was returned to its standard position, the cell's preferred direction shifted back to 0°. B: In the standard session, the cell was oriented at 60". When the cue card was rotated 90°c ounterclockwise, the cell's preferred direction shifted by an equal amount. The cell's preferred direction then returned to its original orientation when the cue card was returned to its standard position. Unfortunately, it is difficult to determine how much instability in the preferred directions would exist if only internal cues were available to the animal because our results show that other types of external cues (e.g., olfactory and tactile) were used as landmarks during the recording sessions. To establish what the pure capacity of internally derived information is in the cylinder apparatus, one would have to examine HD cell activity after the elimination of all external sensory modalities, not just visual landmarks. In addition, it may be possible to examine the capabilities of only internally derived information if the animal continually moves through a novel environment over long distances. Although the preferred directions of PoS and ADN HD cells were not as stable in the Blindfold session as in the Standard session, they did not drift as much as the preferred directions of LDN cells recorded by Mizumori and Williams (1993) . More important, in contrast to LDN cells, both PoS and ADN HD cells maintained their direction-specific firing even when the rat was blindfolded and placed into the recording apparatus in the dark. The difference between HD cells in the different regions might have been due to the fact that LDN HD cells are not as influenced by nonvisual cues, either idiothetic or olfactory and tactile, as PoS and ADN HD cells. Recent studies have shown that both PoS and ADN HD cells can use spatial information derived from idiothetic cues in updating their directional firing (Blair & Sharp, 1996; Taube & Burton, 1995) .
Influence of Nonvisual Cues
The auditory click did not exert any significant stimulus control over the activity of the HD cells. Although a previous study has shown that animals are capable of using an auditory click in an auditory discrimination task (Kelly & Glazier, 1978) , it is possible that the round walls of the cylinder made it difficult for the animals to localize the sound. It also is possible that another type of auditory cue could succeed in controlling HD cell activity, and these data warrant further experimentation with other auditory cues in other apparatuses. Another possibility is that, if the animals were required to use the click to receive a reward, they may be more likely to use the stimulus as an orientation cue, although such an association with reward is not necessary for visual cues such as the cue card. For example, if the part of the cylinder from which the click emanated reliably predicted the position of a reward in the environment, the click may exert greater stimulus control over HD cell firing.
Our olfactory cue results suggest that olfactory information can exert some influence over HD cell discharge. However, the degree of this stimulus control was substantially less than the degree of stimulus control exerted by the familiar cue card. As with the auditory cue, it is difficult to determine the extent to which the reduced stimulus control is an inherent property of olfactory cues or the particular olfactory stimulus that we chose.
The use of other nonvisual cues by HD cells was best demonstrated by the sessions in which simultaneous rotations of the cylinder and floor caused the cells' preferred directions to shift a similar amount. Presumably, these nonvisual cues consisted of either tactile or olfactory material on the cylinder walls or floor paper. Although the distribution of preferred direction shifts resulting from cylinder and floor rotations differed significantly from a uniform distribution, it was significantly more spread out than the distribution of shifts that result from cue card rotations. This finding emphasizes the particular salience of the cue card and may explain the intrasession drift in the preferred direction observed after blindfolding. In the presence of weaker environmental cues, the cells' preferred directions are presumably more likely to drift. These findings do not, however, necessarily imply that visual information is required for stable HD cell firing. The comparatively weaker stimulus control by nonvisual cues, as compared with the cue card, could have been attributable to the presence of uncontrolled cues (e.g., ambient noises in the room) that the cue card is simply more effective at overwhelming than nonvisual cues. The prediction would be, then, that if these uncontrolled cues were eliminated, the nonvisual cues would resemble the cue card in their degree of stimulus control and in their capacity to stabilize the preferred direction of HD cells.
In summary, these findings demonstrate that nonvisual landmark cues can exert stimulus control over the firing of HD cells. Although the visual cues in this study exerted a higher degree of stimulus control than the nonvisual cues, it still remains unclear whether this result is true for all nonvisual and visual cues. More experimentation is clearly warranted to examine a wider range of cues and to explore whether external cues associated with reward exert greater stimulus control.
Uncontrolled Environmental Cues
After the rat was blindfolded, the HD cells' preferred directions often shifted substantially when the rat was placed into the cylinder. These shifts were not random and occurred around the cell's preferred orientation in the Standard session. This nonrandom distribution suggests that spatial information from some uncontrolled, nonvisual cues in the external environment, which were available in both the Standard and Blindfold sessions, was accessible by the cells. Similarly, previous studies have shown that, when a nonblindfolded animal is placed into the cylinder from which the cue card had been removed, the cells' preferred directions were not randomly distributed but remained near the cell's orientation in the standard session (Goodridge & Taube, 1995) . One possible cue the animals may be using is the cylinder wall, which, unlike the floor paper, is never changed between sessions either after the animal is blindfolded or after the cue card is removed. The results from the Cylinder + Floor and Cylinder-Alone sessions, where a cell's preferred direction frequently shifted to remain in alignment with the cylinder, is consistent with this view.
Relation to Place Cell Findings
The results that we obtained with HD cells after the removal of visual input are generally similar to results obtained with place cells. As described earlier, many studies have shown that place cell firing persists after the partial or complete removal of visual input (Hill & Best, 1981; Markus et al., 1994; O'Keefe & Conway, 1978; Quirk et al., 1990) . Markus et al. (1994) also found that, after removal of visual input, place cells often have fields that are larger in size (Markus et al., 1994) . This result may suggest that the place fields are drifting in position over time just as with the HD cells recorded in this study, although this explanation needs to be tested. In addition, nonvisual cues that are rotated after the animal is blindfolded exert stimulus control over the position of place fields (Hill & Best, 1981) . Finally, sensitivity to background room cues also has been observed with place cells (O'Keefe & Speakman, 1987) .
Novel Exposure to the Cue Card
In all instances in which an HD cell was monitored in response to a rotation of the cue card that had been exposed to the rat for 8 min, the HD cells shifted in accordance with the card. These data suggest that only 8 min of exposure to a salient visual cue is enough time to enable it to exert stimulus control over HD cells. However, 1 min of cue card exposure resulted in significantly less stimulus control than was obtained for 8 min. Thus, the additional exposure time increased the likelihood that the cue card will exert stimulus control over the cells' preferred directions.
These results suggest that HD cells rely on a rapid learning mechanism for developing associations with external landmarks. The difference between cue control after only 1 min of exposure and cue control after 8 min of exposure suggests that cue control depends on processes that occur during the exposure period rather than a preexisting sensory receptiveness to the cue. Furthermore, if a sensory hypothesis could fully explain the responsiveness of HD cells to environmental landmarks, one would have expected that, when the animals were initially placed in the cylinder with the novel cue card, the cell's preferred direction would have been substantially reoriented. However, the degree of shift after the insertion of the cue card was usually small (<30°). To maintain stability the HD cells could make use of uncontrolled, ambient cues in the environment that remain stable from session to session. During the short period of cue exposure, a neural process presumably occurred that integrated the cue card with other environmental cues and allowed it to control the HD cells' preferred directions in subsequent sessions.
These data may provide a basis for selecting between two alternative explanations proposed by Knierim et al. (1995) for why HD cells followed the cue card less reliably when the animals were spun in a box before each exposure to the cylinder. According to the authors, this disorientation procedure may either prevent HD cells from establishing a stable orientation relative to the environmental cues, or it may disrupt a preexisting stable orientation. Our data indicate that HD cells can follow visual cues in the environment in minimal time even when the rat is disoriented before exposure of the cue card. This finding suggests that the disorientation that Knierim et al. produced primarily served to disrupt an already-established stable association between the HD cell's preferred direction and the visual cue.
